Rotating mental representations of objects is accompanied by widespread bilateral brain activations. Thus, interhemispheric communication channels may play a relevant part when engaging in mental rotation tasks. Indeed, links between mental rotation and dimensions of the corpus callosum-the brain's main commissure system-have been reported. However, existing findings are sparse and inconsistent across studies. Here we set out to further characterize the nature of any such links, including their exact location across the corpus callosum. For this purpose, we applied an advanced image analysis approach assessing callosal thickness at 100 equidistant points in a sample of 38 healthy adults (19 men, 19 women), aged between 22 and 45 years. We detected a sex interaction, with significant structure-performance relationships in women, but not in men.
might be involved. The corpus callosum is the largest interhemispheric commissure in the human brain, connecting the hemispheres via topologically organized fiber tracts (e.g., fibers crossing anterior callosal sections connect frontal brain regions). Thus, while links between mental rotation performance and callosal size might manifest in both sexes, effect size and/or exact location across the corpus callosum might differ between the sexes. While a few studies that link mental rotation skills to callosal morphology exist (Hines, Chiu, McAdams, Bentler, & Lipcamon, 1992; Martin-Loeches, Bruner, de la Cuetara, & Colom, 2013; Newman, 2016) , their outcomes are rather inconsistent and further research is required. Thus, to further advance this field, we applied an advanced image analysis approach assessing correlations between mental rotation performance and callosal dimensions, specifically callosal thickness, with a high regional specificity (Luders, Thompson, & Kurth, 2018) . We hypothesized that better performance on mental rotation tasks is associated with greater callosal thickness overall, but that there are sex differences in the location of this association given the aforementioned differences in activation patterns between males and females.
| M A TE RI A L S A ND M E TH ODS

| Study sample
The subjects included in the current report (n 5 38) constitute a subsample from a larger cohort of healthy control subjects (n 5 53) recruited for a study aimed at examining brain and behavior in individuals with disorders of sex development. The current sample of 19 men and 19 women ranged between 22.37 and 45.33 years of age (mean 6 SD: 31.89 6 7.02 years) and was derived as follows: First the original sample of 53 subjects was reduced by two due to excluding one subject with image artifacts and one subject who presented with widespread white matter T1-hypointensities indicative of a pathological process. The remaining sample of 51 subjects included 19 male and 32 female subjects. Given our specific hypothesis on sex differences, we aimed for a balanced design (i.e., an equal number of men and women) and thus matched the 19 males based on age with 19 females, resulting in 38 subjects.
Information on handedness was obtained using the Edinburgh Handedness Inventory, a self-report questionnaire that asks respondents to indicate which hand they prefer to use when carrying out a number of everyday activities, such as writing, throwing, and cutting with scissors (Oldfield, 1971) . All participants were predominantly right-handed with the exception of two men, both of whom were predominantly left-handed; and four women, one of whom was predominantly left-handed and three of whom showed no hand preference.
In regards to educational attainment, 15.8% of the participants (n 5 6) had earned one or more GCSEs (General Certificate of Secondary Education, representing successful completion of 5 years of secondary education) or the equivalent; 26.4% of the participants (n 5 10) had earned one or more A levels (representing successful completion of 7 years of secondary education) or completed vocational training; 50.0% of the participants (n 5 19) had earned an undergraduate degree; and 7.9% (n 5 3) a postgraduate degree. 
| Cognitive measures
Mental rotation performance was assessed using the revised Vandenberg and Kuse (1978) Mental Rotations Test (Peters et al., 1995) . This test provides a measure of three-dimensional (3-D) mental rotation ability, and is based on the experimental stimuli of Shepard and Metzler (1971) . It requires participants to mentally rotate 3-D objects, and it consists of four practice items followed by 24 test items, divided into two sets. Three minutes are allowed for each set of 12 test items, with a 1-min rest between sets. For each item, the target stimulus is presented on the left, and participants must determine which two of four stimuli to the right are rotated versions of the target (as opposed to different shapes). Each item has two correct answers and a point is given only if both correct answers are provided. The maximum possible score is 24.
We also obtained measures of vocabulary (a proxy for general intelligence)-to be later included as a covariate in the statistical modelusing the Advanced Vocabulary Test from the Educational Testing Service Kit of Factor-Referenced Cognitive Tests (Ekstrom, French, Harman, & Dermen, 1976) . For this test, participants choose which one of five presented words has the same, or nearly the same, meaning as a target word. Participants are awarded one point for each correct answer and lose 1 =4 of a point for each incorrect answer. A total of 18 target words are presented, with possible scores ranging from 24.5 to 18.
| Image data acquisition and preprocessing
All brain data were acquired on a Siemens 3 Tesla Skyra system with a 32-channel head coil using the following parameters: TR 5 2,300 ms, TE 5 2.98 ms, flip angle 5 98, matrix size 5 256 3 240, 176 sagittal sections, and voxel size 5 1 3 1 3 1 mm 3 . The brain images were preprocessed in SPM12 (http://www.fil.ion.ucl.ac.uk/spm) and the CAT12 toolbox (http://dbm.neuro.uni-jena.de/vbm.html) by applying corrections for magnetic field inhomogeneities and spatial alignment using rigidbody transformations. In addition, the total intracranial volume (TIV)-to be later included as a covariate in the statistical model-was estimated (in ml) for each subject by classifying images as gray matter, white matter, and cerebrospinal fluid and adding the subvolumes of these compartments (i.e., TIV 5 gray matter 1 white matter 1 cerebrospinal fluid).
| Callosal thickness estimation
Using the preprocessed images, the corpus callosum was outlined manually in each brain's midsagittal section (Luders et al., 2007a) blind to sex, age, handedness, educational attainment, and cognitive measures (the delineation process is depicted in Supplementary Figure 1 ). All callosal outlines underwent a strict quality control by two experienced raters (E.L. and F.K.) independently of each other, assuring that the
outlines precisely reflected the size and shape of each individual midsagittal corpus callosum. The callosal traces were extracted and automatically processed in a number of successive steps, as detailed elsewhere (Luders et al., 2011; Luders, Toga, & Thompson, 2014; Luders et al., 2018) . Importantly, the callosal outlines were separated into 100 nodes and resampled at regular intervals rendering the discrete points comprising the two boundaries spatially uniform. Then, a new midline curve was created by calculating the 2-D average from the 100 equidistant nodes representing the upper and the lower callosal boundaries. Finally, the distances between the 100 nodes of the upper as well as the lower callosal boundaries to the 100 nodes of the midline curve were calculated. These point-wise callosal distances were entered into the statistical analyses as the dependent variable.
| Statistical analyses
Sex differences with respect to the cognitive measures (i.e., mental rotation performance and vocabulary), as well as on age, handedness, educational attainment, and TIV, were assessed using independentsamples t tests or Mann-Whitney U tests, as appropriate. Effect sizes were calculated and used in conjunction with p values to evaluate the results. All analyses were two-tailed, with a set at .05.
Sex differences in callosal thickness and links between callosal thickness and mental rotation performance, including interactions with sex, were assessed using a mass-univariate general linear model, while removing the variance associated with age, vocabulary, and TIV. Significant interactions with sex were followed-up by conducting statistical tests within men and women separately. For all imaging analyses, a was set at .05. To control for multiple comparisons, a Monte Carlo simulation with 10,000 permutations was employed, as previously described (Luders et al., 2009 
| Callosal thickness
The corpus callosum was thicker in men than in women in several anterior subsections, such as the rostral body and anterior midbody. However, these clusters of sex differences did not survive corrections for multiple comparisons. Thus, male and female corpora callosa seem to have similar dimensions when accounting for brain size.
| Links between mental rotation performance and callosal thickness
In the combined sample of men and women, neither positive nor negative correlations between mental rotation performance and callosal thickness survived corrections for multiple comparisons. However, significant sex interactions were apparent and these interactions survived corrections for multiple comparisons (p 5 .048). More specifically, significant sex differences in the association between mental rotation performance and callosal thickness became evident in three callosal clusters (see Figure 1) . The significant interaction was followed up by generating cluster-specific scatterplots and confidence intervals (see Figure 1) as well as by calculating significance and correlation coefficients for men and women separately (see Figure 2) . As shown in the left panel of Figure 2 , within males none of the effects survived corrections for multiple comparisons (there were no significant positive or negative correlations). In contrast, as shown in the right panel of Figure   2 , within females three significant clusters indicating positive correlations emerged and survived corrections for multiple comparisons (p 5 .030), while significant negative correlations were absent. That is, a better female mental rotation performance was linked to a thicker female corpus callosum within splenium, posterior midbody, and anterior third, particularly at the border between genu and rostral body.
| D ISC USSION
Here we applied an advanced computational technique assessing the link between mental rotation performance and callosal thickness with a high regional specificity. We observed significant correlations in women (but not in men), with better performance linked to thicker callosal regions, specifically within the splenium, posterior midbody, and anterior third. Overall, this seems to be in accordance with theories of sex differences in cognitive strategies. Specifically, our findings may support the hypothesis that women, more than men, rely on efficient interhemispheric communication to successfully rotate objects in their minds.
| The role of interhemispheric communication for mental rotation
The current results are in line with interpretations from previous studies suggesting some differences in the approaches used by men and women to solve mental rotation problems (Boone & Hegarty, 2017; Butler et al., 2006; Clements-Stephens et al., 2009; Hegarty, 2017; Hugdahl et al., 2006; Jordan et al., 2002; Thomsen et al., 2000) . It has been suggested, for example, that men rely on a "gestalt" strategy for matching shapes (also termed an "automatic" or "global" approach), which particularly involves parietal regions that are directly associated with spatial processing. Women, on the other hand, are thought to employ a series of higher-order cognitive processes related to object identification, working memory, and possibly even language representation (also termed an "analytic" approach), which engages a wide network of parietal, temporal, and frontal brain regions and presumably also interhemispheric pathways. Interestingly studies geared toward FIG URE 1 Significant sex interaction for the correlation between callosal thickness and mental rotation performance. The adjusted mean callosal thickness for each of the three significance clusters (green, yellow, magenta) was extracted and plotted against the mental rotation performance scores, separately for men (blue) and women (red). Also shown are the least-square regression slopes (solid lines) and the 95% upper and lower confidence intervals (dotted lines)
directly assessing such sex differences in strategies seem to indicate that the more automated/global shape approach is associated with a better mental rotation performance than the analytic approach (Boone & Hegarty, 2017; Hegarty, 2017) , which is in close agreement with the outcomes of the current study where men outperformed women. Moreover, the current findings support the aforementioned assumption of sex differences in specific cognitive strategies and brain functions: That is, the sex differences in associations between mental rotation performance and callosal thickness suggest that mental rotation performance relates positively to interhemispheric communication, but only in women. In other words, better interhemispheric communication-presumably reflected as thicker corpora callosa (Luders et al., 2016 (Luders et al., , 2007b -may improve task performance by allowing for a more effective integration of higher cognitive processes in women. 1 Interestingly, the link was not evident across the entire corpus callosum, but in selected areas, including the splenium, posterior midbody, and rostral body/ genu. These region-specific observations may point to an involvement of several occipital/temporal, parietal, and frontal regions during mental rotation, as previously reported (Butler et al., 2006; Hugdahl et al., 2006; Jordan et al., 2002; Milivojevic, Hamm, & Corballis, 2009; Thomsen et al., 2000; Weiss et al., 2003; Zacks, 2008) , possibly engaging networks pertaining to memory, language, and object identification (Butler et al., 2006; Cabeza & 
| Correspondence with other findings
Studies relating performance in mental rotation tasks to callosal anatomy are sparse and have produced inconsistent outcomes (Hines et al., 1992; Martin-Loeches et al., 2013; Newman, 2016) .
The first study (Hines et al., 1992) was designed to investigate links between midsagittal callosal area and mental rotation performance, verbal fluency, and language lateralization in a group of 28 women.
With respect to mental rotation, the authors hypothesized a significant association within the callosal genu. Two different types of analysis were used, structural equation modeling (SEM) and principal component analysis (PCA). The PCA, but not the SEM analysis, suggested a significant positive correlation in the anterior corpus callosum (comprising of isthmus, midregion, and genu). Given that the initial hypothesis anticipated effects only within the genu, and also because of the inconsistency in results over their two analyses, the authors considered their hypothesis unsupported. However, they concluded that, although they did not find consistent support for their hypothesis, "the possibility that anterior callosal regions relate positively to visuospatial ability merits further investigation" (Hines et al., 1992; p. 12) . Importantly, the of thickness) and a wide variety of cognitive measures (including mental rotation). Sex differences were not examined in their sample of 50 men and 52 women, and across the whole cohort, there were no significant links between mental rotation performance and any of the callosal shape measures. This finding is consistent with the lack of significant correlations in our combined sample of men and women, despite the significant relationships we observed in women.
The third study (Newman, 2016) set out to specifically investigate sex differences in 22 men and 22 women, both with respect to midsagittal callosal area and the link between mental rotation performance and corpus callosum size. Significant sex differences (men > women)
were observed within the callosal rostrum and anterior midbody, albeit without applying corrections for individual brain size. Moreover, positive correlations with mental rotation performance in those same regions were reported. This latter link between task performance and callosal size was observed across the entire sample, and significant sex interactions were missing. Exploratory correlation analyses, separately within males and females, were nonetheless performed and suggested a positive correlation within the anterior midbody in men but not in women. Given the lack of brain size corrections, the unconventional statistical follow-up, and the different morphometric methods (i.e., segment-specific callosal area versus point-wise callosal thickness), the aforementioned findings are not directly comparable to the outcomes of the current study. Nevertheless, it seems notable that many of the outcomes of the third study were not replicated here 2 and also seem at odds with the lack of significant correlations in the whole cohort in the study by Martin-Loeches et al. (2013) , as well as with the positive associations in women observed in the study by Hines et al. (1992) .
| Conclusion and implications for follow-up studies
Sex differences in mentally rotating objects are well-described and scientific theories allude to the possibility of underlying sex differences in the cognitive strategies used to perform mental rotation tasks. Overall, the present findings support this hypothesis. In particular, they suggest that women, more than men, rely on efficient interhemispheric communication to successfully rotate objects in their minds. Nevertheless, the present study has some limitations. Specifically, the sample size was rather low which may have prevented the detection of less pronounced effects due to limited statistical power. Moreover, the small sample size effectively precludes any potential subset analyses contrasting, for example, left-handers versus right-handers. Interestingly, a metaanalysis of 16 studies including more than 200,000 subjects revealed a small effect of handedness on mental rotation performance favoring right-handers (Somers, Shields, Boks, Kahn, & Sommer, 2015) . However, no interaction with sex was found in the meta-analysis, and thus there might be no modulating impact of handedness on the effects of the current study (i.e., where handedness did not differ significantly between men and women). Finally, the small number of subjects might have resulted in some rather untypical sample characteristics, such as a lower mean vocabulary scores in females than in males. Nevertheless, while verbal ability is frequently assumed to be better in women, metaanalytic findings suggest that the sex difference in vocabulary in adults is of negligible size (Hyde & Linn, 1988) . Importantly, no significant associations between vocabulary score and callosal thickness were detected in the current study, and the omission of vocabulary as a covariate did not alter the results when adjusting the statistical design to explore any possible impact on the consistency of the present finding.
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ENDNOTES
1 The absence of significant links in male brains does not necessarily indicate that interhemispheric communication is completely irrelevant for mental rotation in men (it just does not seem to scale with performance).
